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Hip proprioception has been tested on various populations, but there is limited research 
on healthy young adults. Primary assessments of proprioception for hip have been on joint 
position sense (JPS), but fewer studies have accomplished this in an unconstraint testing 
apparatus with angular repositioning tasks. Purpose of this study was to examine effects of active 
and passive repositioning on hip JPS in healthy young adults. It was hypothesized that active JPS 
error scores would be lower compared to passive JPS error scores. There was a total of 15 
subjects in the study. Digitization of anatomical landmarks were used to create a virtual 
coordinate system to estimate hip joint center. JPS protocol consisted of three different 
conditions, passive with hip trolley, active with hip trolley and active without hip trolley. All 
conditions tested three different target positions of 30°, 45° and 60° degrees of hip flexion. The 
results of absolute and constant JPS error scores revealed that there was a linear decrease in 
average absolute error score, which elicited a decrease in levels of muscular control during 
flexion and accuracy of reposition targets (p=.001). The reduction of error score in passive JPS 
tasks may have allowed for subjects to concentrate on target angles more, because of less 
demand for joint stabilization. Unfortunately, most research contradicts the stud . 
Future research should focus on possible variables that further contribute to hip proprioception. 
Particularly studying the effects of lower back stiffening and fascial interactions with hip muscle 
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Literature Review  
Proprioception 
  
being stimulated, then providing a response using mechanisms that are regulators of postural 
equilibrium, joint stability, and peripheral muscle senses (Sherrington, 1906; Lin et al., 2006; 
Proske & Gandevia, 2012; Sahlberg, 2014). Proprioception was later transformed into a more 
location in space and velocity via afferent and efferent neural pathways (Magill & Anderson, 
2014).  This system, both in the unconscious and conscious, is important for all major functions 
of the body (Hurley & Newham, 1998; Riemann & Lephart, 2002), especially for control and 
awareness of movement, known as kinesthesia, which will be discussed later (DiZio, Lackner & 
Champney, 2014; Han et al., 2016; Lin et al., 2006). 
Somatosensory pathways account for afferent, efferent and central integration that aid 
with joint stability and coordinated movement (Riemann & Lephart, 2002; Sherrington, 1907). 
Somatosensory pathways are also involved in proprioception (Riemann & Lephart, 2002). 
Somatosensation comprises global sensation of the body via thermoreception, pain information 
from the periphery and mechanoreception (Riemann & Lephart, 2002); whereas proprioception 
focuses on afferent information from internal peripheral receptors that contribute to the 
maintenance of joint stability and appreciation of joint positions (Goble, 2016; Riemann & 
Lephart, 2002).  To provide further understanding, proprioceptive information begins as a 
stimulus. This stimulus is detected by afferent mechanoreceptors that then, depending on type of 
receptor, is sent as action potential to the spinal cord; within consideration of conscious 
information going to the cerebral cortex and unconscious information going to the cerebellum 
 
(Riemann & Lephart, 2002; Roijezon, Clark & Treleaven, 2015). The commands from 
the appropriate areas of motor output (somatosensory cortex), as efferent signals, are then sent 
back down the descending pathways to the proprioceptors for stimulus response (Riemann & 
Lephart, 2002; Roijezon, Clark & Treleaven, 2015). Proprioception is a small but important part 
of a continuous cycle of mechanoreceptor stimulation, neural transmission, merging of signals by 
the central nervous system (CNS), transmission of efferent signals, and muscle activation 
(Riemann & Lephart, 2002a; Lin et al., 2006; Kabbaligere, Lee & Layne, 2016). Altogether, a 
result with a responding force production that helps to provide timely and coordinated 
adjustments to environmental changes (Riemann & Lephart, 2002a; Lin et al., 2006; 
Kabbaligere, Lee & Layne, 2016).  
Theories behind how the feedback control processes work with afferent signals coming 
from the receptors have minor differences (Proske, 2005). One theory states the feedback system 
that motor output is centrally derived (Proske, 2005). While the other theory states a process 
called efference copying, or corollary discharge (Proske, 2005; Roijezon et al., 2015). Efference 
copy describes that the brain compares what is happening to what should be happening, or 
exafference and reafference comparisons creating a negative (Bridgeman, 2007; Donaldson, 
2000). However, most of the efference copy research is done on head and eye movement 
(Bridgeman, 2007; Roijezon et al., 2015), thus its regards to limb proprioception is limited.  
Efference copy tends to also connect with sense of effort (Bridgeman, 2007; Proske, 
2005, Prosk & Gandevia, 2012). With unknown origin of this mechanism, this remains with the 
conclusion that sense of effort does have a neurological mechanism, but whether its origin site is 
from afferent sensory feedback or central integration remains contested (Smirmaul, 2012; 
Proske, 2005; Proske & Gandevia, 2012). CNS driven sense of effort is explained with all motor 
 
commands originate in the motor cortex due to assumed predictions of movements the brain 
makes during sensory reception from afferent neurons (Smirmaul, 2012). With previous authors 
stating that the premotor cortex controls the primary somatosensory cortex via efference copy 
with no relation to sensory feedback (Simirmaul, 2012). The CNS theory of sense of effort is 
supported by results discussing that with the evidence of CNS commands being the dominate 
source for sense of effort brings further suggestions that sense of effort has its connections with 
kinesthesia (Allen & Proske, 2006; Proske & Gandevia, 2009). Although, kinesthesia is later 
discussed, its mechanisms from mechanoreceptors that are responsible for signal information that 
could be in contribution from  force sense (sense of effort) (Proske & Gandevia, 2009).Which 
could indicate that for sense of effort to be centrally driven, that efference copy is a part the 
primary feedback controls for restoration and maintenance of stability of joints via posture, 
passive movement, active movement and resistance to movement (Riemann & Lephart, 2002). 
Proprioceptive acuity is derived by the accurate sensory input of mechanisms to provide 
feedback from peripheral proprioceptors, vision and vestibular apparatus or balance (Hurley & 
Newham, 1998; Riemann & Lephart, 2002). In clinical research, proprioceptive acuity is the 
perception of external forces (Goble, 2016; Hurley & Newham, 1998). Some external factors that 
influence the proprioceptive acuity output are peripheral proprioceptive measurements such as 
limb preference, neural plasticity, age and muscle strength (Goble, 2016; Hurley & Newham, 
1998; Riemann & Lephart, 2002). In addition, motor control objectives are to maintain and 
restore joint stability and equilibrium (Riemann & Lephart, 2002). Peripheral receptors 
(musculotendinous and capsuloligamentous) can significantly impact motor control of a joint 
(Riemann & Lephart, 2002). Thus, exclusion of visual and vestibular apparatus is preferred 
 
during repositioning tasks based on past findings of increased error rate compared to peripheral 
proprioceptors (Fitzpatrick & McCloskey, 1994). For this reason, proprioceptive acuity is 
measured by joint position matching tasks without assistance from vision and vestibular 
apparatus (Goble, 2016). 
JPS and Kinesthesia 
 Joint position sense (JPS) and kinesthesia are subcategories of proprioception (Riemann 
& Lephart, 2002a; Han et. al, 2016; Hurley, Rees & Newham, 1998; Proske & Gandevia, 2012; 
Allen & Proske, 2006; Wright et. al, 2014). Both explain portions of movement sense and 
position sense; however, JPS and kinesthesia provide separate pieces of information for 
proprioception. That is promoted by angular excursion, stimulates joint and musculotendinous 
afferents that respond in more than one axis of rotation (Janwantanakul et. al, 2001). Kinesthesia 
and JPS are submodalities of proprioception with respect to less contemporary terms like 
posture, passive/active movement, and resistance to movement and muscular sense (Riemann & 
Lephart, 2002a; Sahlberg, 2014; Dover & Powers, 2003).  
Kinesthesia is defined as conscious awareness and detection of joint movement (Voight, 
1996; Sahlberg, 2014; Proske & Gandevia, 2012; Allen & Proske, 2006; Winter et. al, 2005) and 
is investigated by instruments of dynamometry and others like inclinometers (Voight, 1996; 
Suprak et. al 2016; Janwantanakul et. al, 2001; Dover & Powers, 2003). With these instruments, 
kinesthesia for example, is assessed then by measuring threshold to detection of passive motion 
(Lephart et al., 1997). JPS, on the other hand, is measured via reproduction of passive 
positioning and reproduction of active positioning (Lephart et al., 1997; ). These are tests convey 
proprioceptive acuity and studies have specifically described findings of passive or active motion 
 
and in closed or open chain kinetic chain protocols in effects to JPS (Dover & Powers, 2003; 
Rogol, Ernst, Perrin, 1998).  
JPS is described as the ability to perceive or sense a segment position relative to other 
parts of the body and in space via information relayed to the CNS peripheral mechanoreceptors 
(Dover & Powers, 2003; Suprak et. al, 2006; Sahlberg, 2014). JPS is often tested as an external 
task of position replication of a joint to measure proprioceptive accuracy (Dover & Powers, 
2003; Suprak et. al, 2006; Sahlberg, 2014). Specifically, using absolute, constant and or variable 
error values from reproduction from a presented position (Voight et. al, 1996; Rogol, Ernst & 
Perrin, 1998; Janwantanakul et. al, 2001; Suprak et. al, 2006; Suprak et. al, 2007; Suprak et. al, 
2016; Dover & Powers, 2003; Lin et. al, 2006). JPS error values are obtained using the 
differences of a target position and the attempted repositioning values (Pickard et al., 2003). In 
comparison, kinesthesia requires similar methods for thresholds of detection of passive motion 
(Proske & Gandevia, 2009). Both kinesthesia and JPS are ultimately equal in validity and 
reliability for use of interpreting proprioception.   
There are two categories of mechanoreceptors supporting proprioception, 
musculotendinous and capsuloligamentous. Musculotendinous receptors, specifically, muscle 
spindles and Golgi Tendon Organs (GTOs), are located in the muscle and tendons, respectively 
(Suprak et al., 2006 & 2007; Voight et al., 1996).  Capsuloligamentous receptors consist of 
Ruffini endings, Pacinian corpuscles, Golgi tendon-like endings and free nerve endings 
(Riemann & Lephart, 2002; Magill & Anderson, 2014), (with most research on Ruffini endings 
and Pacinian corpuscles). These receptors are mainly located in the joint capsule, ligaments, 
tendons and skin. Both capsuloligamentous and musculotendinous mechanoreceptors provide 
specific feedback regarding changes and adaptations to motions with respect to a given stimulus 
 
(Riemann & Lephart, 2002; DiZio, Lackner & Champney, 2014; Suprak et. al, 2006 & 2007; 
Voight et. al, 1996; Janwantanakul et. al, 2001; Dover & Powers, 2003; Lin et. al, 2006). 
Together, these mechanoreceptors are fundamental components of proprioception, and will be 
discussed more fully in the following sections.  
Mechanoreceptors: Capsuloligamentous 
Capsuloligamentous receptors (Ruffini endings, Pacinian corpuscles and Golgi tendon- 
like organs) are housed within the capsules and ligaments of synovial joints. The structures of 
Ruffini endings and Pacinian corpuscles are both classified as skin receptors (Dover & Powers, 
2003). They are two of four known skin mechanoreceptors, omitting Meissner corpuscles, and 
Merkel endings (Proske & Gandevia, 2012; Voight et. al, 1996) due to Ruffini endings and 
Pacinian corpuscles being the most prevalent in proprioception research. Both Ruffini endings 
and Pacinian corpuscles have been found within subdermal joint areas such as the knee and 
shoulder (Macefield, 2005). In addition, Golgi tendon-like organs are also located in these tissues 
and have similar behavior as Ruffini endings (Riemann & Lephart, 2002; Voight et. al, 1996). 
Thus, the Golgi tendon-like organs will be further discussed with findings of Ruffini endings.  
 Ruffini endings are classified as static receptors because of their low threshold and slow 
adaptation to stimuli, allowing them to discharge responses to a continuous stimulus (Dover & 
Powers, 2003; Lephart et. al, 1997). Slow adaptation is also seen in Golgi tendon-like organs 
(Voight et. al, 1996). Ruffini endings are activated by tissue stretch, slack and folding due to 
joint rotation (Proske & Gandevia, 2012; Voight et. al, 1996). Thus, these receptors are thought 
to facilitate joint sensations and position changes, in other words, joint position sense and 
kinesthesia (Lephart et. al, 1997). Previous research findings indicate that these receptors 
primarily respond to limits of angular excursion, during active and passive ROM (Macefield, 
 
or could suggest that Ruffini endings, as well as 
other slow adapting capsuloligamentous receptors (Golgi tendon-like organs), are the most 
involved with joint position sense and kinesthesia in end ranges of motion than was assumed 
before based on previous findings (Collins et al., 2005; Macefield, 2005; Proske & Gandevia, 
2012). Collins and colleagues illustrated that during stretch and vibration trials of MCP, elbow 
and knee joints, an increase of perceived knee flexion with vibration and stretch than vibration 
alone. Thus, the stimulus that targeted musculotendinous receptors, vibration, was not as 
sensitive with joint position than in combination with capsuloligamentous receptors (Collins et 
al., 2005).   
 Pacinian corpuscles are receptors that input information within the joint capsule and 
synovial membrane (fibrosum layer) (Macefield, 2005). Pacinian corpuscles also have a slightly 
different filtering characteristic than Ruffini endings; allowing brisk mechanical transients to 
generate a stimulus, due t
Gandevia, 2012). These receptors are stimulated by both compression stimuli and stretch (Voight 
et. al, 1996; Macefield, 2005; Proske & Gandevia, 2012). Sensations such as compression and 
stretching in tissues about a joint are detected when the joint is passively or actively moving 
about the axis of rotation, being most active at the end ranges of motion (Voight et. al, 1996). 
Previous research has considered the end ranges of motion to be the height of sensitivity when 
parent tissue is most deformed (Amiri-Khorasani et. al, 2011; Proske & Gandevia, 2012; Voight 
et. al, 1996).  
Mechanoreceptors: Musculotendinous 
         Musculotendinous mechanoreceptors (i.e. muscle spindle, GTOs) are considered main 
components of detection in muscular deformation, especially in midranges of motion, where the 
 
capsuloligamentous receptors are least sensitive (Janwantankul et al., 2001; Suprak et al., 2005; 
Proske & Gandevia, 2012), though there is controversy with what mechanoreceptors are the 
greatest contributors (Collins et al., 2005). Nevertheless, there has been evidence of these 
mechanoreceptors being the primary informers of proprioceptive information with regards to 
joint position sense and kinesthesia (DiZio, Lackner & Champney, 2014; Hurley & Newham, 
1998; Sahlberg, 2014; Sherrington, 1907; Suprak et al., 2007). This evidence includes acuity, 
feedback and joint stability characteristics of musculotendinous mechanoreceptors (Hurley & 
Newham, 1998; Riemann & Lephart, 2002; Macefield, 2005; Sahlberg, 2014). Particularly being 
dynamic contributors in detections of forces conducted by muscles and tendons (Hurley & 
Newham, 1998; Riemann & Lephart, 2002; Macefield, 2005; Sahlberg, 2014). 
Muscle spindles, owing to their location in the muscle, identify muscle lengthening along 
with the changes in length of the muscle fibers with regards to velocity of the contraction or 
stretch taking place (Hurley & Newham, 1998; Magill & Anderson, 2014; Voight et al., 1996, 
DiZio, Lackner & Champney, 2014; Suprak et al., 2007; Proske & Gandevia, 2012). Within the 
muscle spindle comprises a fiber capsule; intrafusal fibers and stretch receptors (Macefield, 
2005). These intrafusal fibers have adaptive properties and are individually controlled by the 
CNS (Hospod, 2007). By association, CNS has adaptive properties in regards to the muscle 
spindle (Hospod, 2007). Together, stretch receptors are housed by the intrafusal fibers as they 
detect movement signaled by the velocity component of the response to length change (Proske & 
Gandevia, 2009 & 2012). This allows for detection of heaviness and force with high threshold 
response, with exception of the inability to detect force generation of neighboring muscles 
(Macefield, 2005). Furthermore, intrafusal fibers are arranged in parallel to the main force-
generating extrafusal muscle fibers, which disables them from encoding forces generated by 
 
contraction of the muscle, but sensitive to stretch and lengthening of the fibers (Macefield, 
2005). Even so, proprioceptive input from muscle spindles has cumulative sensory information 
via population coding, by intrafusal components of primary stretch receptors (DiZio, Lackner & 
Champney, 2014; Proske & Gandevia, 2009; Macefield, 2005).  
GTOs, located in the musculotendinous junction, detect changes in tension and force 
being placed on the tendons, whether it be active or passive (Magill & Anderson, 2014; 
Macefield, 2005; Voight, 1996, Riemann & Lephart, 2002; Suprak et al., 2007; Proske & 
Gandevia, 2012; Gregory et al., 2002; Jami, 1992). When tension is developed in the tendon, 
slack is taken out of the collagen fibers, which causes them to apply pressure on active 1b 
afferent fibers of the GTO (Voight, 1996; Riemann & Lephart, 2002; Suprak et al., 2007; 
Macefield, 2005; Jami, 1992). GTOs are also described to have functions for sensations of 
heaviness and force and as limit detectors with high threshold response, as do muscle spindles 
(Proske & Gandevia, 2012; Voight et al., 1996). These characteristics could then relate to 
sensitivity being enhanced at mid-ranges of motion as described in the fingers (Proske & 
Gandevia, 2012), due to interphalangeal joints being composed of tendon, collagen and fascia 
(Macefield, 2005). 
GTO contribution to position sense has also been demonstrated in recent literature that 
examines responses to muscle activation and stretching (Gregory et al., 2002; Magill & 
Anderson, 2014; Macefield, 2005; Voight, 1996, Riemann & Lephart, 2002; Suprak et al., 2007; 
Proske & Gandevia, 2012). With eccentric forces, GTOs have been observed maintaining and 
even increasing sensitivity in the ability to signal muscle tension (Gregory et al., 2002), even 
after fatiguing protocols (Proske & Gandevia, 2012; Gregory et. al, 2002). This observation 
indicates that sensitivity of GTOs within musculotendinous junction can provide to other 
 
receptors (e.g. motor neurons) with summation of forces that are then applied (Macefield, 2005; 
Riemann & Lephart, 2002; Riemann & Lephart, 2009) and remains consistent and unimpaired by 
fatigue and muscle fiber damage during activity (Walsh et al., 2004). This ability of 
counteracting fatigue would be critical for injury prevention and contribution to proprioceptive 
acuity (Riemann & Lephart, 2009).  
It has b
position sense protocols (Winter et al., 2005; Walsh et al., 2004; Blum et al., 2017). Studies 
suggest that when a limb is unsupported during JPS protocols, the force of gravity allows for a 
larger signal from musculotendinous mechanoreceptors (Jami, 1992; Gregory et al., 2002). There 
has also been continued discussion about a force-effort relationship of muscles due to the 
suggestion of GTOs being primary advocates for sense of effort (Walsh et al., 2004; Gregory et 
al., 2002; Proske & Gandevia, 2009; Jami, 1992). Sense of effort is also a tactic that the body 
uses to maintain a position, especially in an example of accomplishing a repositioning task after 
as an increase of sensitivity to muscle tension that has been previously discussed (Gregory et al., 
2002, Blum et al., 2017; Jami, 1992). A sense of effort relies mainly on the signal strength being 
sent to afferent motor neurons (Winter et al., 2005; Gregory et al., 2002), which is a similar 
signal outcome from muscle tension that is being detected at the musculotendinous junction 
(Gregory et al., 2002). Thus, studies suggest that GTOs specifically provide this type of 
information of movement sensation. However, the sense of effort mechanism and its relations to 
joint position sense requires further investigations to understand the roles of mechanoreceptors 
and central mechanisms (Macefield, 2005). 
 
Motor Neurons 
 Three types of known motor neurons innervate muscle; with the larger in diameter type 
Macefield, 2005; Proske & Gandevia, 2012). Specifically, -motor neurons innervate extrafusal 
fibers, -motor neurons innervate intrafusal fibers of the muscle spindles and -motor neurons 
Gandevia, 2012). The -motor neurons are in direct interaction with the skeletal muscle due to 
the innervation of the extrafusal component of the muscle, which also provides much of the force 
generated (Magill & Anderson, 2014; Proske, 1997; Proske & Gandevia, 2012; Lephart et. al, 
1997).  -neurons enable an afferent feedback system to the CNS, providing a 
 motor neurons), based on the nuclear bag 
model (Macefield, 2005; Magill & Anderson, 2014; Proske, 1997; Proske & Gandevia, 2012). 
This model can explain why  motor neurons allow for spindle adjustment of sensitivity, 
supporting the  motor neurons by its respective innervations at the polar region of the nuclear 
bags (Lephart et. al, 1997; Proske & Gandevia, 2012). Findings suggest that  and  motor 
neurons assist with muscle spindles sensitivity, through a phenomenon called - coactivation 
(Hospod, 2007, Suprak et. al, 2007).  motor neurons are in a linkage 
in coordination of the extrafusal as well as intrafusal (muscle spindle) components (Suprak et. al, 
2007; Macefield, 2005, Michelson & Hutchins, 1995).  
Although studies report the greatest acuity occur at end ranges in constrained models 
(Han et. al, 2016; Janwantanakul et. al, 2001), there is disagreement with studies using 
unconstrained models (Amiri-Khorasani et al., 2011; Arvin et. al, 2015; Ishii et. al, 1999; Onishi 
et. al, 2017; Suprak et. al, 2006; Suprak et. al, 2007; Suprak et. al, 2011; Pickard, 2003; Stillman 
 
et. al, 1998). In depth, when a joint is unconstrainted, the limb must be supported against gravity, 
which requires the muscle spindles to remain sensitive via muscle activation (Suprak et al., 
2007). Research further supports unconstrainted model so that the intrafusal muscle spindle 
sensitivity is maintained throughout an imposed stretch or force generation even in shortening 
(Suprak et. al, 2006; Suprak et. al, 2007; Hospod, 2007; Macefield, 2005; Durbaba et. al, 2001 & 
2003).  These previous studies display that muscle spindles activity often correlate with muscular 
activity via motor neuron coactivation (Hospod, 2007).   
Structures of the hip  
Considered to be a true ball-and-socket joint, the hip allows all three planes of rotation 
and translation (Jaffar, Abass, & Ismael, 2006; Powers, 2010; Retchford et al., 2013; Schuenke 
et. al, 2014). The acetabulum of the hip and femoral head is incased in a complexity of structures 
varying from the labrum cartilage, ligaments, muscles (Torry et al., 2006) and even nerve 
innervations (Kim & Azuma, 1995; Alzaharani et al., 2014; Haversath et al., 2013; Schuenke, 
Schulte, Schumacher; 2014). The bony anatomy of the hip has contributions from three regions 
of the pelvis (ilium, ischium and pubis) and the femur (femoral head) (Torry, et al., 2006); which 
then provide attachment sites for each muscle involved in hip actions.  
 Previous studies have discussed a multitude of muscles that are in proximity of the hip 
joint and or are involved in hip movement, stability and or functionality. The muscles listed are: 
Gluteus medius, gluteus minimus, gluteus maximus, adductor magnus, adductor longus, adductor 
brevis, pectineus, iliacus, psoas, quadratus femoris, gemelli (inferior and superior), piriformis, 
rectus femoris, semimembranosus, semitendinosus, biceps femoris, gracilis, sartorius, obturator 
internus and externus, and tensor fasciae latae (TFL) (Retchford et al., 2013; Torry et al., 2006; 
Wickiewicz et al., 1986, Schuenke, Schulte, Schumacher; 2014; Soderberg & Andrews, 1986). 
 
Most muscles mentioned have ultimately been conclusive about their roles in hip joint stability, 
movement and functionality (Schuenke, Schulte, Schumacher; 2014; Soderberg & Andrews, 
1986). Fundamental studies have also categorized them by motions that each muscle participates 
in (Soderberg & Andrews, 1986) along with mechanical moments, or lines of action (Soderberg 
& Andrews, 1986; Wickiewicz et al., 1986). Specifically, quadratus femoris, obturator internus, 
externus and gemilli are considered rotator cuff muscles of the hip (Retchford et al., 2013). Yet, 
there are still specific muscles that have been less definitive than most and primarily assumed 
functions by pinnation and cross-sectional area (CSA) (Torry et al., 2006; Wickiewicz et al., 
1986, 1990). These muscles are piriformis, pectineus and iliopsoas (Giphart et al., 2017). 
Although textbooks describe these muscles to have specific roles (Schuenke, Schulte, 
Schumacher; 2014), recent studies have investigated these muscles in depth, in attempts to 
understand the behavior of these muscles in multiple scenarios (Giphart et al., 2017; Leung et al., 
2014). Giphart and colleagues (2017) revealed a specific role of the pectineus being active 
during hip flexion (Giphart et al., 2017). The pectineus has been noted as a primary muscle for 
hip external rotation (Schuenke, Schulte, Schumacher; 2014). Hypertrophy of the piriformis in a 
study by Leung and colleagues (2014) demonstrated that resistance of internal rotation and 
increase CSA of the piriformis after neuromuscular training was completed.  
The hip also contains major ligaments and tendons that provide passive stability, dynamic 
stability and dynamic motion (Kadaba et al., 1990; Retchford et al., 2013). Although not all 
structures are mentioned in this review (Torry et al., 2006), the structures that seem to be 
involved in hip proprioception are the ligamentum teres or capitis femoris (LCF), transverse 
acetabular ligament (TAL), acetabular labrum and other nerve innervations (Kilicarslan et al., 
2015; Birnbaum et al., 1997; Leunig et al., 2000; Retchford et al., 2013). In fact, the LCF is a 
 
part of growth and development of the femoral head due to vascularization in prepubescent ages 
(Sarban et. al, 2007; Bardakos & Villar, 2009).  The labrum seems to be designed to provide a 
provide a similar purpose as the menisci to the knee and is comprised of various collagen types 
(Mason, 2001).  
Previous studies have examined TAL, LCF and labrum for evidence of mechanoreceptor 
existence (Desteli et al., 2014; Gerhart et al., 2012; Kilicarslan et al., 2015; Retchford et al., 
2013). Although minimal clear evidence of somatosensory afferent nerve endings are found 
(Dehao et al., 2015; Murtali et al., 2004), cadaveric and surgical research revealed hip samples to 
have significant amounts of type IVa nerve endings, or free nerve endings (Sarban et. al, 2007; 
Bardakos & Villar, 2009; Kapetanakis et al., 2017; Kilicarslan et al., 2015; Leunig et al., 2000; 
Retchford et al., 2013; Voight et. al, 1996). With suggestion that these structures have a 
proprioceptive role in the hip via nociception (Gerhardt et al., 2012; Kapetanakis et al., 2017; 
Moraes et al., 2011).These studies have also confirmed other mechanoreceptors similar to 
Ruffini endings and GTOs in the hip capsule (Gerhardt et al., 2012; Kapetanakis et al., 2017; 
Moraes et al., 2011). 
Free nerve endings (FNE), although not discussed much in proprioceptive literature, are 
displayed as pain receptors for a joint, known as nociception (Sarban et. al, 2007; Bardakos & 
Villar, 2009; Kilicarslan et al., 2015; Retchford et al., 2013). FNE have also been located in the 
same tissues as other mechanoreceptors (Kim & Azuma, 1995; Lewis et al., 2006; Riemann & 
Lephart, 2002). Thus, these receptors could play a role in sensory functions in the hip by using 
pain as a detection for unsafe ranges of motion. Voight et. al (1996) suggested that FNE are 
aroused by forceful rotation stimulus, which can confirm Kilicarslan and colleagues (2015) 
 
findings of A-delta mechanoreceptors and group C polymodal nerve endings within the 
acetabular labrum and classifying them as sensory fibers. These pain receptors would help alert 
and prevent the hip from mechanical tissue damage (Kilicarslan et al., 2015; Leunig et al., 2000). 
FNE in the acetabular labrum allow for the joint capsule to detect femoral head translation and 
extreme ranges of motion to possibly enhance proprioception and joint stability (Kapetanakis et 
al., 2017; Retchford et al., 2013).  
FNE in other components of the joint capsule enhance the proprioceptive ability of 
mechanical properties such as the LCF during dynamic tensile loads, much like the ACL for the 
knee  authors postulate that mechanical abilities of the 
LCF play more of a role with passive stabilization and that the ligament is most stressed during 
external rotation of the hip (Retchford et al., 2013). Nerve innervations found in the TAL, LCF 
and labrum also suggest that these structures allow for some somatosensory awareness 
(Birnbaum et al., 1997). Nevertheless, the role of the LCF, TAL and labrum have promising 
connections of nociception and proprioception with consistent findings of FNE and nerve 
bundles within the hip (Bardakos & Villar, 2009; Kilicarslan et al., 2015; Leunig et al., 2000; 
Sarban et. al, 2007). 
Shoulder versus Hip 
In comparison to a modified ball-and-socket joint, the shoulder, the hip allows the same 
degrees of freedom as the shoulder. However, due to the more unstable nature of the interactions 
of the glenoid labrum, ligamentous support, and humerus, there is more ROM at the shoulder 
than there is at the hip (Jaffar, Abass, Ismael, 2006; Schuenke et. al, 2014; Bardakos & Villar, 
2009). Moreover, the hip is more stable due to its naturally deeper socket fitting with the 
acetabulum and femoral head, which restricts extreme ROM (Jaffar, Abass, Ismael, 2006; 
 
Mason, 2001; Schuenke et. al, 2014). The similarities between the shoulder and the hip were 
further examined by Jaffar and colleagues (2006), who compared structural and functional 
properties of cadaveric bones, ligaments and muscles that make up these two joints. Their 
findings provided more evidence of differences in between shoulder and hip, but also 
accentuated the similarities of both joints, by an observation of the hip allowing for greater 
tension and forces applied to the structure before subluxation or complete dislocation (Jaffar, 
Abass, Ismael, 2006). With comparison to the shoulder, and same degrees of freedom, the hip 
has greater bony constraints for purposes that seem to be for prevention of subluxation and 
hypermobility using balance and stabilization (Arvin et al., 2015; Jaffar, Abass & Ismael, 2005; 
Bejaminse et al., 2009; Ishii et al., 1999; Pickard et al., 2003; Retchford et al., 2013; Wingert et 
al., 2014).  
In addition to stabilization, intracapsular and atmospheric pressure changes encourage the 
shoulder to have greater stabilization from its joint capsule (Kumar & Balasubramaniam, 1985; 
Retchford et al., 2013). This is observed as decreased occurrences of subluxation when capsular 
pressure was released (Kumar & Balasubramaniam, 1985). This effect of released pressure was 
not seen with the hip (Wingstrand, Wingstrand & Krantz, 1990). With the hip having greater 
joint contact surface of the labrum than the shoulder, allows for greater joint stability during 
traction even without capsule pressure and labrum support (Jaffar, Abass & Ismael, 2005; 
Wingstrand, Wingstrand & Krantz, 1990).  
Deep muscles of the hip, such as obturator internus and externus, quadratus femoris and 
the gemelli, are what can be considered rotator cuff muscles of the hip (Retchford et al., 2013). 
The shoulder also has this muscular structure, naming rotator cuff muscles, teres minor, 
infraspinatus, supraspinatus, and subscapularis (Jaffar, Abass, Ismael, 2005). There is evidence 
 
of deep hip muscles providing similar type of stability that is seen from rotator cuff muscles in 
the shoulder. The functionality of the deep hip muscles is the same as the rotator cuff muscles of 
the shoulder, but design, cross sectional area (CSA), moment arms and pinnation has some 
differences (Neumann, 2010) that suggest that the rotator cuff muscles of the hip play a role in 
hip joint stiffness, passive stability and proprioception (Retchford et al., 2013; Torry, 2006).  
Other studies that examine knee mechanics find that weak hip muscles can cause 
instability in the knee, which would allow for valgus motions to occur; increasing chances of 
injury (Benjaminse et al., 2009; Boling et al., 2009). This topic of knee injury with weak hip 
muscles has been researched extensively (Homan et al., 2013; Powers, 2010; ), leading into a 
conclusion that because of the increased demand for stability in the hip is simply the nature of 
these muscles.  Therefore, more investigation of proprioceptive behaviors of the hip are required 
for a complete comparison of the shoulder and hip.   
Specific populations on proprioception and JPS  
 Investigational topics of the hip have been listed as nerve and mechanoreceptor 
innervation, ligament and structural characteristics. Tested populations include arthritic patients, 
athletes of novice, amateur, and elite levels, hip arthroplasty patients, older adults (Adamo, 2007; 
Arvin et al, 2015; Benjaminse et al., 2009; Lin et al., 2006; Moraes et al., 2011; Onishi et al., 
2017; Wright et al., 2014; Pickard et al. 2003). For instance, athletes have been seen to display 
enhanced hip joint position sense compared to those of novice skill level or sedentary individuals 
(Lin et. al, 2006). The repositioning error value for JPS was dependent on group skill level, 
relating experience to decreased joint position sense error (Lin et al., 2006, Muaidi et al., 2008). 
There have also been studies that have applied proprioceptive and balance exercises to see if 
there are changes in joint position sense (David et al., 2019; Daneshjoo et al., 2012; Diracoglu et 
 
al., 2005). David and colleagues (2019) observed small improvements in absolute error just with 
foam rolling immediately before. These observations have been explained by neuropathological 
adaptations and enhancement of sensation for neuromuscular coordination from sport specific 
skills learned over time (Bressel et al., 2007; David et al., 2019; Lin et al., 2006; Nagai et al., 
2013).  
For special populations, common studies tend to be with arthroplasty and arthritic 
patients (Ishii et al., 1999; Onishi et al., 2007; Moraes et al., 2011). Subjects with unhealthy hips 
have been reported to not have major differences of JPS ability, but comparing to similar studies, 
there are losses in proprioception and mechanoreceptor composition with age (Kaplan et al., 
1985; Onishi et al., 2017; Wingert et al., 2014). This decline in JPS and kinesthesia has been 
exhibited in both active and passive movements, focused within planes of rotation for the hip 
joint (Goble, 2010; Hurley, Rees & Newham, 1998; Onishi et al., 2017). This finding could 
indicate that injury may not fully impede on JPS acuity, but age might. However, there remains 
disagreement of a possible age-related decrease in proprioception (Ishii et al., 1999; Pickard et 
al., 2003).  
Benjaminse and colleagues (2009) remains to have the most current study of healthy hip 
JPS. Healthy individual data would provide further understanding of proprioceptive and 
neuromuscular relationships in the body as to how the brain communicates with joints. It was 
warranted that to continue doing active JPS to investigate more of a possible standardization for 
what error scores can be used in a clinical setting (Benjaminse et al., 2009). Specifically, aiding 
with progress data for rehabilitation, providing that the repeatability of the JPS and error scores 
are valid. With JPS being an accessible application on a cell phone (Edwards et al., 2016), the 
 
use of the error scores per person may help with neuromuscular and proprioceptive decline in 
age and possible connections with athletic performance (Lin et al., 2006; Lin et al., 2009). 
A possible cause to this controversy in research could be the inconsistency of 
methodology used for angular repositioning measurements (Goble, 2010; Elangovan, Herrmann, 
& Konczak, 2014; Han et al., 2016). A lack of regulation of how JPS is measured can create 
differences in findings among literature. There are previous validation studies for JPS (Arvin et 
al. 2015; Benjaminse et al., 2009; Edwards et al., 2016; Nussbaumer et al., 2010), but there still 
no true conclusion of proper methodology. In addition, choices in equipment used to measure 
JPS are not congruent, with variations of equipment from goniometry (Kaplan et al., 1985; 
Nussbaumer et al., 2010; Onishi et al., 2017) and dynamometry (Benjaminse et al., 2009) to 
motion capture systems (Amiri-Khorasani, Osman & Yusof, 2011; Arvin et al., 2015). 
Nevertheless, most methods are currently categorized as constrained models for measurement of 
JPS. A constrained model can be defined as any apparatus that causes resistance of motion or 
encasement of the target limb (Suprak et al., 2006). A constrained model also limits findings, 
understanding that the restriction from the apparatuses used manipulates how a subject detects 
join position from tactile cues (Suprak et al., 2011) and increased muscular effort (Voight et al., 
1996; Suprak et al., 2006). These methods of constrained versus unconstrained could explain the 
increase in sensitivity/acuity of the joint because of interpreted motion by the joint as an external 
load (Suprak et. al, 2007) or from end ranges of motion (Janwantanakul et al., 2001). This further 
promotes methods on measuring acuity during active and passive using an unconstrained model 
(Voight et. al, 1996; Rogol, Ernst & Perrin, 1998; Suprak et. al, 2006; Suprak et. al, 2007; 
Suprak et. al, 2016. There are previous studies that evaluation ROM and JPS using unconstrained 
apparatuses (Edwards et al., 2016; Suprak et al., 2006; Suprak et al., 2007; Pickard et al., 2003), 
 
and find different results, but very few are focused on the hip joint. Therefore, the purpose of this 
study was to examine the effects of active and passive positioning of the hip on averages of 
absolute error and variable error on healthy young adults. It was hypothesized that there will be a 
decrease in absolute error and variable error in active positioning compared to passive. It was 
also hypothesized that an active unconstrained assessment would have a reduction of 

























In many sports, hip injuries are commonly observed among athletes of all ages (Kerbel et al., 
2018). High impact sports such as soccer and football, require the body to engage in rapid 
acceleration and deceleration along with cutting and quick changes in direction (Prather, 2014). 
In athletes of all ages, the most common hip injuries in recent years have been femoroacetabular 
impingement (FAI) (5-6%) and snapping hip syndrome (5-10%) (Prather, 2014; Keogh & Batt, 
2008). The significant amount of force upon the hip joint from activities over time could lead to 
bone degradation and decreased performance and could eventually progress to joint disorders 
such as osteoarthritis (Keogh & Batt, 2008).  For rehabilitation, clinicians often recommend 
intervention that focuses on proprioception and maintenance of range of motion (ROM) in 
attempts to alleviate the symptoms of joint disorders (Kapetanakis et al., 2017; Lin et al., 2009). 
Proprioception has transformed into a contemporary definition of awareness and sensation of 
joint and segment position, movement direction, and movement speed via afferent neural 
pathways (Magill & Anderson, 2014; Riemann & Lephart, 2002a; Lin et al., 2006; Kabbaligere, 
Lee & Layne, 2016). Afferent signals provide feedback to the brain needed to respond to 
environmental changes with force production that aids with timely and coordinated adjustments 
(Riemann & Lephart, 2002a; Lin et al., 2006; Kabbaligere, Lee & Layne, 2016). These signals 
originate from specialized neural transducers (i.e., receptors) called mechanoreceptors, or 
proprioceptors, that convert stimuli to action potentials for transmission in the central nervous 
system (CNS) (Roijezon, Clark & Treleaven, 2014). Categories of proprioception are divided 
into several submodalities. Kinesthesia, or sense of motion and direction of motion; joint 
position sense (JPS), ability to detect limb position in space; and sense of effort or tension 
 
(Dover & Powers, 2003). JPS is the most common for proprioceptive measurement (Dover & 
Powers, 2003; Han et. al, 2016; Proske & Gandevia, 2012; Allen & Proske, 2006). This 
breakdown of categories has provided researches to understand proprioception and its 
application to rehabilitation and injury prevention.  
Research on assessment of hip proprioception has increased over the years, and results of 
these studies have which suggested that free nerve endings (FNE) may be involved in 
proprioception, along with mechanoreceptors in the hip (Sarban et. al, 2007; Bardakos & Villar, 
2009; Kilicarslan et al., 2015; Retchford et al., 2013) even after arthroscopy (Kapetanakis et al., 
2017). Free nerve endings (FNE) have been known to register pain or nociception (Sarban et. al, 
2007; Bardakos & Villar, 2009; Kilicarslan et al., 2015; Retchford et al., 2013). Previous 
research from Voight and colleagues (1996) suggests that FNE are and stimulated by forceful 
rotation at the hip, with the feedback perhaps arising from densely innervated ligamentum teres 
(LCF), transverse acetabular ligament (TAL) and acetabular labrum (Birnbaum et al., 1997; 
Kilicarslan et al., 2015; Leunig et al., 2000; Retchford et al., 2013). Thus, FNE could be part of 
position sense abilities in the hip. For example, greatest mechanical stress of the hip is during 
external rotation (Retchfor et al., 2013). Which LCF would play a role in passive stabilization 
(Retchford et al., 2013).  
Possible causes to controversy in research on JPS could be related to inconsistencies in 
methodology during angular repositioning measurements (Goble, 2010; Dover & Powers, 2003; 
Elangovan, Herrmann, & Konczak, 2014; Han et al., 2016). Although there are validation studies 
(Arvin et al. 2015; Benjaminse et al., 2009; Edwards et al., 2016), lack of consistency in 
measurement of JPS could be leading to differences in findings among literature. For instance, a 
previous study showed results that favored active position sense testing over passive position 
 
sense (Erickson & Karduna, 2012; Hung & Darling, 2012; Friement et al., 2006). It has been 
explained in previous studies that passive JPS tasks are often used rehabilitation settings 
(Erickson & Karduna, 2012; Kwon et al., 2013; Lephart et al., 1997). However, previous 
research that has compared active and passive JPS often favor active over passive JPS (Erickson 
& Karduna, 2012; Hung & Darling, 2012; Friement et al., 2006). These studies discuss that the 
reduction of error in reproducing positions can be explained by heightened muscle activation 
when subjects are required to move their own limb rather than being assisted (Erickson & 
Karduna, 2012). Currently, common procedure for JPS data collections have the subject be 
attached to the equipment that quantifies the origin and reproduced positions that then provide a 
value that represents the differences between the two positions called error scores. Unfortunately, 
some apparatuses have been seen to constrain joint range of motion (Han et. al, 2016; 
Janwantanakul et. al, 2001).  
Another factor possibly adding to controversy are inconsistency in choices of equipment used 
to measure JPS. Previous studies have used a variety of equipment such as goniometry (Kaplan 
et al., 1985; Onishi et al., 2017), dynamometry (Benjaminse et al., 2009), motion capture systems 
(Amiri-Khorasani, Osman & Yusof, 2011; Arvin et al., 2015), inclinometers (Dover & Powers, 
2003), and electromagnetic tracking devices (Suprak et al., 2006). Edward and colleagues (2016) 
recently developed a software application for the iPod Touch that combines accelerometry and 
gyroscope to eliminate tactile sensation and allow for natural range of motion. Nevertheless, 
most methods are currently categorized as constrained models. Thus, do not address the tactile 
sensations (Suprak et al., 2011) and or restraining the joint from naturally arriving at a target 
position, which could limit findings. There are previous studies that evaluated ROM and JPS 
using unconstrained apparatuses (Edwards et al., 2016; Suprak et al., 2006; Suprak et al., 2007; 
 
Pickard et al., 2003), and find different results than of constrained models, but very few are 
focused on hip JPS (Benjaminse et al., 2009; Leardini et al., 1999). 
Benjaminse and colleagues (2009) remains to have the most applicable study of healthy hip 
JPS. Healthy individual data would provide further understanding of the relationship between 
proprioception and muscle activation. Author suggested that JPS research should continue to aim 
for standardization; specifically, utilization of error scores as reference to what should be normal 
(Benjaminse et al., 2009). Standardization would provide stronger repeatability and validity of 
JPS and allow for greater understanding of error scores. Therefore, the purpose of this study was 
to examine the effects of active and passive positioning of the hip on average absolute JPS error 
and constant JPS error on healthy young adults. It was hypothesized that there will be a decrease 




There were 15 (8 female, 7 male) healthy individuals participated in the study. Subject 
demographics are described in Table 1. The research protocol was verbally reviewed by the 
researcher, as well as a written informed consent provided for each participant to read and sign. 
This informed consent form, as well as the protocol used in the study, was approved by the 
Western Washington University review board for Human Subjects. Subjects that were included 
in the study had no previous history of lower back/hip pain, injury or surgery that required 
professional healthcare intervention. Exclusion criteria included low back/hip pain and or 
surgery within the last year.   
Instrumentation 
 
(Innovative Sports Training, Inc., Chicago, IL) was used to track hip angles throughout the 
protocol at a sampling rate of 240 Hz. The Polhemus unit consisted of a transmitter, two 
receivers, and a digitizer. The digitizer was used to determine location and orientation of the 
sensors in space relative to the transmitter (Pickard et al., 2003; Suprak et al., 2006; Swinnen et 
al., 2014). The receivers were placed about 2.54 cm above spinous process of the first sacral 
vertebrae and midthigh of the dominant leg. Midthigh was defined as equal distance between the 
greater trochanter and lateral femoral epicondyle of the dominant leg. After placement of the 
receivers, palpation and digitization of L5/S1 joint space, left/right medial and lateral femoral 
epicondyles was completed. The joint coordinate system for the femur and pelvis has been 
established previously by the Terminology committee of the International Society of 
Biomechanics (ISB) (Wu et al., 
Joint coordinate systems were established using a rotation method from Euler angle sequence: 
flexion/extension, internal/external rotation, and ab/adduction. Per these guideline and software 
setup, a 3D joint center was established. Once all trials were recorded, hip angles were calculated 
using an Euler angle sequence in accordance with the recommendation of the ISB (Wu et al., 
2002). Leg dominance was determined by the preferred take-off leg for jumping (Benjaminse et 
al., 2009).  
To limit the effects of gravity in the plane of motion (sagittal) during passive trials, 
subjects had a specialized hip trolley (Figure 1) attached to the ankle with an air splint for 
stability. The trolley and air splint were attached in such a way that it would not inhibit or 
manipulate The hip trolley would allow decrease muscle 
activation during passive trials as encouraged by previous studies (Suprak et al., 2006). In 
 
active condition to 
eliminate the effect of tactile cues in one condition versus the other in addition to limiting the 
effects of gravity.  
JPS Protocol 
 Once subjects were digitized and set up with two landmark sensors, sacrum and thigh, 
subjects were instructed on how positioning and repositioning for both active and passive 
movements were to be done (See Figure 1). Subjects were positioned to lay on their 
nondominant side and have their head rested on their arm in recovery position after placement 
and digitization of receivers and hip joint centers, and then blindfolded. Subjects then proceeded 
with verbal instructions and were allowed to practice until they felt comfortable with the protocol 
during a metronome count. To prevent contribution of internal and external rotation of the hip, 
subjects were instructed to keep their toes pointed forward and the knee in natural full extension. 
Neutral or starting position of the tested leg was defined as full hip extension and being in line 
with their other leg while subjects remained on their side during trials. Subjects were also 
allotted a one-minute rest between active trials and 30 seconds between passive trials to reduce 
the effects of fatigue.  
All trials began with the hip in the neutral position (0° of hip flexion). Neutral was 
 In the passive 
 then moved into flexion in the sagittal plane to the target position by 
the researcher. This was accomplished at a velocity of approximately 10°/sec. This pace was 
determined previously by metronome, and leg positioning was guided by the computer output 
displaying the hip flexion angle. Once the target angle was reached, it was held for three 
seconds, while the subjects were instructed to concentrate only on the position of the hip in the 
 
sagittal plane. The researcher then brought the hip back to the neutral position at approximately 
the same velocity. The hip was held in the neutral position for 3 seconds. Then, the researcher 
began moving the hip into flexion at approximately the same velocity while the subject 
attempted to replicate the target position by indicating to the research when they felt that they 
this process for three trials each at target angles of 30°, 45°, and 60° of flexion for a total of nine 
total trials. The presentation of these trials was presented randomly via a balanced latin square 
design. 
For active trials, subjects were verbally instructed to move into hip flexion at 
approximately the same pace as for the passive trials. Active trials were also done with and 
without hip trolley. Having both sets of trials will allow the study to fully investigate the effects 
of muscle activation on joint position sense tasks. Subjects were asked to actively flex their hip, 
and when they are 
position for three seconds while concentrating only on the position of the hip. After three 
ral position. After three seconds in the 
possible, by flexing the hip until they felt they had returned to the target position. There, they 
remained for a full second. Subjects repeated this process for three trials each at target angles of 
30°,45°, and 60° of flexion for a total of nine trials. As with the passive trials, these trials were 
randomly presented via a balanced latin square design. 
Data Analysis 
Three-dimensional hip kinematics were calculated via transformation matrices, using the 
 
passive position replication conditions. The output values (hip flexion angles) were then further 
processed with a custom-written MATLAB (The MathWorks, Inc., Natick, MA, USA) software. 
Hip flexion angles in both target and replicated positions were calculated, and then compared. 
The constant error was calculated by subtracting the hip flexion angle in the target position from 
the replicated position. Therefore, a positive constant error indicated that the hip was more flexed 
in the replicated position (overshot) as compared to the target position. This constant error was 
then averaged across the three trials for each target angle. Absolute error for each target angle 
was calculated as the absolute value of the constant error and averaged across all three trials for 
each target position. was within three degrees of 
the target position (e.g. target position of 30° would be between 27-33°). 
Statistical Analysis 
Statistical analysis was done using SPSS version 25 (IBM SPSS Statistics, Chicago, IL). 
two, three-way repeated measures analyses of variance (ANOVA) were used to examine the 
effects of condition (passive vs. active with trolley vs. active without trolley) and position (30° 
vs. 45° vs. 60° of flexion) on the dependent variables of constant and absolute errors. Significant 
di
event of a significant condition by position interaction effect. Partial eta squared ( ) was used to 
indicate effect sizes, with benchmarks of 0.2, 0.5, and 0.8 used to denote small, medium, and 
large effects, respectively (Cohen, 1988). 
In the case of a non-significant interaction, but significant main effects of either condition 






the condition by position interaction (p = .448), nor for the main effects of condition (p = .17) or 
position (p = .727). Therefore, no correction to the degrees of freedom were made when 
evaluating the results of the two-way ANOVA. The two-way ANOVA revealed no significant 
condition by position interaction effect on constant error (CE) (F[4, 60] = .798, p = .531, 
). There was also no significant main effect of position on CE (F[2, 30] = .619, p = .545, 
). However, CE was significantly affected by condition, with a medium effect size 
(F[2, 30] = 9.94, p = .001, ). A linear contrast showed decreasing CE with decreased 
levels of active muscle control of movement and positioning across positions (passive on trolley 
< active on trolley < active without trolley) (p = .001) (Figure 2).  
Absolute Error 
 test indicated that the AE data did not violate the assumption of 
sphericity for the condition by position interaction (p = .558), nor for the main effects of 
condition (p = .09) or position (p = .892). Therefore, no correction to the degrees of freedom 
were made when evaluating the results of the two-way ANOVA.As observed for CE, the two-
way ANOVA revealed no significant condition by position interaction effect on absolute error 
(AE) (F[4, 60] = 1.10, p = .367  = 0.065). There was also no significant main effect of position 
on AE (F[2, 30] = 3.05,  p = .062, ). However, AE was significantly affected by 
condition, with a medium effect size(F[2, 30] = 4.18, p = .025, ). As with CE, a 
linear contrast showed decreasing AE with decreased levels of active muscle control of 
 
movement and positioning across positions (passive on trolley < active on trolley < active 
without trolley) (p = .024) (Figure 3). 
Discussion 
The current study investigated the effects of the degree of hip control (passive, supported 
movement vs. active, supported movement vs. active, unsupported movement) and hip position 
(30° vs. 45° vs. 60° hip flexion) on JPS acuity (AE and CE) in healthy subjects. It was 
hypothesized that an active unconstrained assessment would have a reduction of repositioning 
error than constrained JPS assessment. The results of the study revealed a linear decrease in both 
absolute and constant error scores as the degree of active muscle support decreased. This did not 
support the original hypothesis that active JPS would be more accurate and decrease error score 
values compared to passive.  
The subjects in the current study accomplished joint repositioning tasks in an 
unconstrained model. A subject required to support their own limb weight can often be 
intrinsically a part of an unconstrained model task (Benjaminse et al., 2009). Limb support, or 
weight bearing has been previously investigated by comparison of applying external force to the 
subject and results indicated that adding weight to the limb positively influenced joint position 
acuity levels (Suprak et al., 2007). There is limited research that have shown passive joint 
position sense in healthy populations produced greater accuracy than active (Ju, Weng & Cheng, 
2010; Laufer et al., 2001). For the hip joint, the current study results may have revealed that 
stabilization simply takes priority over being accurate during flexion (Giphart et al., 2012; 
Retchford et al., 2013). Stabilization in the hip has been well established in research (Diamond et 
al., 2017; Retchford et al., 2013), and joint position sense has contribution to control of hip 
 
muscles (Torry et al., 2006). Thus, active JPS trials would have required more sense of effort 
towards stabilization rather than consciously focusing on the target position.  
Results from previous studies indicate that if active joint repositioning is more accurate 
than passive, it is due to increased muscle activation from the requirement of the subject to 
support their own limb (Benjaminse et al., 2009; Pickard et al., 2003). Benjaminse and 
colleagues (2009) suggested that the need to maintain balance during testing became the sole 
focus from the subject rather than the repositioning task, causing an increase in active JPS error 
scores.  Previous studies have documented that muscle activation influences joint proprioceptive 
acuity (Suprak et al., 2016). In the current study, the condition of active JPS without hip trolley 
may have required subjects to activate hip abductors (TFL and gluteus medius/maximus) and 
external rotators (hip rotator cuff muscles and gluteus maximus) along with hip flexors (iliopsoas 
and rectus femoris) (Retchford et al., 2013). The increased muscular demand may have caused 
activation of abdominal muscles to increase lumbar fascia stiffness (Hodges & Richardson, 
1997; Kopeinig et al., 2015). Increased stiffness in the lumbar region, in aims to stabilize, could 
also have caused anterior pelvic tilt (Neumann, 2010).  Thus, pelvic tilt and stiffness of lumbar 
fascia and musculature could have affected perception of the target position and increasing error 
scores.    
Previous findings from Pickard and colleagues (2003) were contrasted with the current 
study. They found that active joint repositioning was more accurate than passive whereas the 
current study findings showed that passive reproduction was more accurate than active 
reproduction (Pickard et al., 2003). However, the subjects in the current study were laying on 
their sides rather than in the previous study, during which subjects lay supine (Pickard et al., 
2003). Orientation of the body influences the groups of muscles activated during the active 
 
conditions compared to passive conditions during movement. When laying supine, primary 
muscles involved in hip flexion are the same as laying on the side. However, lying supine would 
require abdominal and lumbar muscles to stabilize the hip during motion compared to subject 
laying on their side and stabilize with external rotators (Neumann, 2010). 
The current study comes with some limitations. 
prior to JPS testing. It has previously been stated that ROM of a joint can influence JPS acuity 
(Jami, 1992). If the positions that were chosen (30, 45, 60 of flexion) were towards a 
end range of motion, specific mechanoreceptors (e.g. Ruffini endings, skin receptors) would be 
most sensitive (Collins et al., 2005; Macefield, 2005; Proske & Gandevia, 2012). As a result, a 
decrease of error scores would occur. In contrast, if a was large (surpassing 60 of 
flexion), other mechanoreceptors (e.g. muscle spindles, GTOs) are most sensitive within the 
midrange of motion (Janwantankul et al., 2001; Suprak et al., 2005; Proske & Gandevia, 2012). 
In addition, musculotendinous receptors like GTOs have increased sensitivity when a muscle 
activation occurs (Jami, 1992; Macefield, 2005). This could be a considerable influence seen by 
the reduction of error scores the more supported and less involved the limb perceived.   
Even though the current study did not result with active conditions to have decrease in 
error scores, future studies should continue to investigate hip JPS because of its application to 
functional movements (e.g. walking, squatting, etc.). Breathing and changes in intra-abdominal 
pressure has been exhibited to increase low back muscles and fascia stiffness (Hodges & 
Richardson, 1997; Hodges et al., 2005). Low back pain and joint position sense have been tested 
previously (Li et al., 2008). However, intra-abdominal pressure changes and fascia stiffness 
should be investigated further in its effects on hip proprioceptive abilities or investigation of 
breathing technique effects on lumbopelvic proprioception.  
 
Conclusions 
 The current study revealed that there was a continuous decrease in error scores as the 
testing apparatus became more supportive the tested limb. Limiting gravitational effects by an 
external support (hip trolley) could have elicited a response of increase sensitivity of 
capsuloligamentous mechanoreceptors. Future research should consider that proprioceptive 
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TABLE 1. SUBJECT DEMOGRAPHICS MEAN (SD) 
AGE, Y 22 (1.72) 
HEIGHT, CM 169.04 (10.45) 
MASS, KG 69.54 (8.46) 


















































Figure 2. Average (SD) Constant Error Score Values. 
Fig 1. A) frontal view of subject testing apparatus with hip trolley B) Posterior view of 
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conception and design of the study, or acquisition of data, or analysis and interpretation of data, 
(2) drafting the article or revising it critically for important intellectual content, (3) final approval 
of the version to be submitted. A letter of transmittal should be included stating this and that each 
of the authors has read and concurs with the content in the manuscript. 
3. All contributors who do not meet the criteria for authorship as defined above should be listed 
in an acknowledgements section. Examples of those who might be acknowledged include a 
person who provided purely technical help, writing assistance, or a department chair who 
provided only general support. Authors should disclose whether they had any writing assistance 
and identify the entity that paid for this assistance. 
4. At the end of the text, under a subheading "Conflict of interest statement" all authors must 
disclose any financial and personal relationships with other people or organisations that could 
inappropriately influence (bias) their work. Examples of potential conflicts of interest include 
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent 
applications/registrations, and grants or other funding. 
 
5. All sources of funding should be declared as an acknowledgement at the end of the text. 
Authors should declare the role of study sponsors, if any, in the study design, in the collection, 
analysis and interpretation of data; in the writing of the manuscript; and in the decision to submit 
the manuscript for publication. If the study sponsors had no such involvement, the authors should 
so state. 
6. Only papers not previously published will be accepted; each manuscript must be accompanied 
by a statement signed by all co-authors that the material within has not been and will not be 
submitted for publication elsewhere except as an abstract. Emphasis will be placed upon 
originality of concept and execution. 
7. Authors are encouraged to suggest referees although the choice is left to the editors. If you do, 
please supply the address and the email address, if known to you. Please do not include those 
with whom you have had active collaboration within the past 3 years. 
8. Authors now have the option of submitting additional images with their papers. The Editor-in-
Chief will choose at least one image per issue to publish as a highlighted image online on the 
Journal's website, alongside his choice of highlighted articles from that issue. Images should be 
clearly labeled as "Additional image for online publication". 
Randomised controlled trials 
All randomised controlled trials submitted for publication in the Journal should include a 
completed Consolidated Standards of Reporting Trials (CONSORT) flow chart. Please refer to 
the CONSORT statement website at http://www.consort-statement.org for more information. The 
Journal of Biomechanics has adopted the proposal from the International Committee of Medical 
Journal Editors (ICMJE) which require, as a condition of consideration for publication of clinical 
trials, registration in a public trials registry. Trials must register at or before the onset of patient 
enrolment. The clinical trial registration number should be included at the end of the abstract of 
the article. For this purpose, a clinical trial is defined as any research project that prospectively 
assigns human subjects to intervention or comparison groups to study the cause-and-effect 
relationship between a medical intervention and a health outcome. Studies designed for other 
purposes, such as to study pharmacokinetics or major toxicity (e.g. phase I trials) would be 
exempt. Further information can be found at http://www.icmje.org. 
Ethics 
Work on human beings that is submitted to the Journal of Biomechanics should comply with the 
principles laid down in the Declaration of Helsinki; Recommendations guiding physicians in 
biomedical research involving human subjects. Adopted by the 18th World Medical Assembly, 
Helsinki, Finland, June 1964, amended by the 29th World Medical Assembly, Tokyo, Japan, 
October 1975, the 35th World Medical Assembly, Venice, Italy, October 1983, and the 41st 
World Medical Assembly, Hong Kong, September 1989. The manuscript should contain a 
statement that the work has been approved by the appropriate ethical committees related to the 
institution(s) in which it was performed and that subjects gave informed consent to the work. 
Studies involving experiments with animals must state that their care was in accordance with 
 
institution guidelines. Patients' and volunteers' names, initials, and hospital numbers should not 
be used. 
Changes to Authorship 
This policy concerns the addition, deletion, or rearrangement of author names in the authorship 
of accepted manuscripts: 
Before the accepted manuscript is published in an online issue: Requests to add or remove an 
author, or to rearrange the author names, must be sent to the Journal Manager from the 
corresponding author of the accepted manuscript and must include: (a) the reason the name 
should be added or removed, or the author names rearranged and (b) written confirmation (e-
mail, fax, letter) from all authors that they agree with the addition, removal or rearrangement. In 
the case of addition or removal of authors, this includes confirmation from the author being 
added or removed. Requests that are not sent by the corresponding author will be forwarded by 
the Journal Manager to the corresponding author, who must follow the procedure as described 
above. Note that: (1) Journal Managers will inform the Journal Editors of any such requests and 
(2) publication of the accepted manuscript in an online issue is suspended until authorship has 
been agreed. 
After the accepted manuscript is published in an online issue: Any requests to add, delete, or 
rearrange author names in an article published in an online issue will follow the same policies as 
noted above and result in a corrigendum. 
Review and publication process 
1. You will receive an acknowledgement of receipt of the manuscript. 
2. Submitted manuscripts will be reviewed by selected referees and subsequently, the author will 
be informed of editorial decisions based on the referee comments, as soon as possible. As a rule, 
manuscripts and photographs, or other material you have submitted will not be returned to you 
with the decision letter, only the referee comments will be included. 
3. If your manuscript was conditionally accepted, you must return your revision with a separate 
sheet, addressing all the referee comments, and explaining how you dealt with them. 
4. When returning the revised manuscript to the Editorial Office, make sure that the manuscript 
number, the revision number (Rev. 1,2,3. . ) and the designation Original/Copy are clearly typed 
on the top of the title pages of the original manuscript and all copies. 
5. When the final version of the manuscript is accepted, the corresponding author will be notified 
of acceptance and the manuscript will be forwarded to production. 
6. Upon acceptance of an article, authors will be asked to sign a "Journal Publishing Agreement" 
(for more information on this and copyright see http://ees.elsevier.com/bm/). Acceptance of the 
agreement will ensure the widest possible dissemination of information. An e-mail (or letter) will 
be sent to the corresponding author confirming receipt of the manuscript together with a 'Journal 
Publishing Agreement' form.If excerpts from other copyrighted works are included, the author(s) 
 
must obtain written permission from the copyright owners and credit the source(s) in the article. 
Elsevier has preprinted forms for use by authors in these cases: contact Elsevier's Rights 
Department, Philadelphia, PA, USA: Tel. (+1) 215 238 7869; Fax (+1) 215 238 2239; e-
mail healthpermissions@elsevier.com . Requests may also be completed online via the Elsevier 
homepage (http://www.elsevier.com/locate/permissions). 
7. One set of page proofs in PDF format will be sent by e-mail to the corresponding author (if we 
do not have an e-mail address then paper proofs will be sent by post). Elsevier now sends PDF 
proofs which can be annotated; for this you will need to download Adobe Reader version 7 
available free from http://www.adobe.com/products/acrobat/readstep2.html. Instructions on how 
to annotate PDF files will accompany the proofs. The exact system requirements are given at the 
Adobe site: http://www.adobe.com/products/acrobat/acrrsystemreqs.html#70win.If you do not 
wish to use the PDF annotations function, you may list the corrections (including replies to the 
Query Form) and return to Elsevier in an e-mail. Please list your corrections quoting line 
number. If, for any reason, this is not possible, then mark the corrections and any other 
comments (including replies to the Query Form) on a printout of your proof and return by fax, or 
scan the pages and e-mail, or by post.Please use this proof only for checking the typesetting, 
editing, completeness and correctness of the text, tables and figures. Significant changes to the 
article as accepted for publication will only be considered at this stage with permission from the 
Editor. We will do everything possible to get your article published quickly and accurately. 
Therefore, it is important to ensure that all of your corrections are sent back to us in one 
communication: please check carefully before replying, as inclusion of any subsequent 
corrections cannot be guaranteed. Proofreading is solely your responsibility. Note that Elsevier 
may proceed with the publication of your article if no response is received. 
8. After publication, the corresponding author, at no cost, will be provided with a PDF file of the 
article via e-mail. The PDF file is a watermarked version of the published article and includes a 
cover sheet with the journal cover image and a disclaimer outlining the terms and conditions of 
use. 
Supplementary Website material 
Elsevier now accepts electronic supplementary material to support and enhance your scientific 
research. Supplementary files offer the author additional possibilities to publish supporting 
applications, movies, animation sequences, high-resolution images, background datasets, sound 
clips and more. Supplementary files supplied will be published online alongside the electronic 
version of your article in Elsevier web products, including 
ScienceDirect http://www.sciencedirect.com. In order to ensure that your submitted material is 
directly usable, please ensure that data is provided in one of our recommended file formats. 
Authors should submit the material in electronic format together with the article and supply a 
concise and descriptive caption for each file. For more detailed instructions please 
visit: http://ees.elsevier.com/bm/. 
This journal offers electronic submission services and supplementary data files can be uploaded 
with your manuscript via the web-based submission system, http://ees.elsevier.com/bm. 
 
Preparation of the manuscript 
1. All publications will be in English. Authors whose 'first' language is not English should 
arrange for their manuscripts to be written in idiomatic English before submission. 
2. Authors should bear in mind that readers potentially include scientists from various 
disciplines. Abstracts, introductions and discussions should be in relatively non-specialised 
language so that a broad biomechanics audience may understand them. Discussions should 
include an appropriate synthesis of relevant literature for those not intimately familiar with the 
specific field. Implications for other fields should be noted. 
3. A separate title page should include the title, authors' names and affiliations, and a complete 
address for the corresponding author including telephone and fax numbers as well as an E-mail 
address. Authors should supply up to five keywords. Keywords may be modified or added by the 
Editors. Please provide a word count (Introduction through Discussion) on the title page. All 
pages, starting with the title page, should be numbered. 
4. An abstract not exceeding one paragraph of 250 words should appear at the beginning of each 
Survey, Original Article, Perspective Article or Short Communication; the abstract will serve 
instead of a concluding summary and should be substantive, factual and intelligible without 
reference to the rest of the paper. 
5. Papers involving human experiments should contain a statement in the Methods section that 
proper informed consent was obtained. Papers involving animal experiments should contain a 
statement in the Methods section that the experiments conducted were within the animal welfare 
regulations and guidelines for the country in which the experiments were performed. 
The Journal of Biomechanics supports the ARRIVE (Animal Research: Reporting In Vivo 
Experiments) guidelines to improve standards of reporting of animal experiments and ensure that 
the data can be fully evaluated and utilized [http://www.nc3rs.org.uk/page.asp?id=1357] 
(Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG (2010) Improving Bioscience 
Research Reporting: The ARRIVE Guidelines for Reporting Animal Research. PLoS Biol 8(6): 
e1000412. doi:10.1371/journal.pbio.1000412). Adherence to these recommendations will greatly 
facilitate the review of manuscripts, decrease the likelihood of multiple revisions, and improve 
the chances of acceptance for publication. 
6. Acknowledgements should be included after the end of the Discussion and just prior to the 
References. Include external sources of support. 
7. The text should be ready for setting in type and should be carefully checked for errors prior 
to submission. Scripts should be typed double-spaced. 
8. All illustrations should accompany the typescript, but not be inserted in the text. Refer to 
photographs, charts, and diagrams as 'figures' and number consecutively in order of appearance 
in the text. Substantive captions for each figure explaining the major point or points should be 
typed on a separate sheet. 
 
Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS Office files) 
and are of the correct resolution. Information relating to the preferred formats for artwork may be 
found at http://www.ees.elsevier.com/bm/. 
If, together with your accepted article, you submit usable colour figures then Elsevier will 
ensure, at no additional charge, that these figures will appear in colour on the web (e.g., 
ScienceDirect and other sites) regardless of whether or not these illustrations are reproduced in 
colour in the printed version. For colour reproduction in print, authors will be charged at current 
printing prices unless colour printing has been requested free of charge, at the discretion of the 
editors. 
9. All key references related to methods must be from published materials; submitted 
manuscripts, research reports, or theses which would be unavailable to readers should be 
avoided. References are indicated in the text alphabetically by names of the authors and the year 
of publication, e.g. Ralston (1957) or (Brown and Shaw, 1984; Lai et al., 1978). The full 
references should be collected in a separate section at the end of the paper in the following 
forms: 
A. Journals: 
The reference should include the title of the paper, the title of the journal in full and the first and 
last page number. 
Belardinelli, E. Cavalcanti, S., 1991. A new non-linear two-dimensional model of blood motion 
in tapered and elastic vessels. Computers in Biology and Medicine 21, 1-3. 
B. Books: 
If the work referred to is a book, or part of a book, the reference should be in the following form: 
Weiner, S., Traub, W., 1991. Organization of crystals in bone. In: Suga, S., Nakahara, H. (Eds.), 
Mechanisms and Phylogeny of Mineralisations in Biological Systems. Springer, Tokyo, pp. 247-
253. 
C. Theses 
van Werff, K., 1977. Kinematic and dynamic analysis of mechanisms. A finite element 
approach. PhD. thesis, Delft University Press, Delft. 
D. Proceedings 
van Soest, A. J., van den Bogert, A. J., 1991. Criteria for the comparison of direct dynamics 
software systems to be used in the field of biomechanics. In Proceedings of the 3rd International 
Symposium on Computer Simulation in Biomechanics. University of Western Australia, Perth. 
E. Footnotes 
As distinct from literature references, should be avoided. Where they are essential, superscript 
Arabic numbers should be employed. 
 
Data references: 
This journal encourages you to cite underlying or relevant datasets in your manuscript by citing 
them in your text and including a data reference in your Reference List. Data references should 
include the following elements: author name(s), dataset title, data repository, version (where 
available), year, and global persistent identifier. Add [dataset] immediately before the reference 
so we can properly identify it as a data reference. This identifier will not appear in your 
published article. 
Example: [dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for 
Japanese oak wilt disease and surrounding forest compositions. Mendeley Data, 
v1. http://dx.doi.org/10.17632/xwj98nb39r.1. 
10. SI (Metric) Units must be used for all quantities in text, figures and tables. It is suggested that 
a complete list of symbols used and their explanation be included, in a notation section at the 
beginning of the manuscript. 
11. Authors submitting manuscripts reporting data on cell responses to mechanical loads should 
report their study according to the standards suggested in the Editorial accompanying our special 
Issue on cell mechanics (Volume 33, Issue 1). 
Research Data 
This journal encourages and enables you to share data that supports your research publication 
where appropriate, and enables you to interlink the data with your published articles. Research 
data refers to the results of observations or experimentation that validate research findings. To 
facilitate reproducibility and data reuse, this journal also encourages you to share your software, 
code, models, algorithms, protocols, methods and other useful materials related to the project. 
Below are a number of ways in which you can associate data with your article or make a 
statement about the availability of your data when submitting your manuscript. If you are sharing 
data in one of these ways, you are encouraged to cite the data in your manuscript and reference 
list. Please refer to the "References" section for more information about data citation. For more 
information on depositing, sharing and using research data and other relevant research materials, 
visit the research data page. 
Data linking 
If you have made your research data available in a data repository, you can link your article 
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on 
ScienceDirect with relevant repositories, giving readers access to underlying data that gives them 
a better understanding of the research described. 
There are different ways to link your datasets to your article. 
When available, you can directly link your dataset to your article by providing the relevant 
information in the submission system. For more information, visit the database linking page . 
For supported data repositories a repository banner will automatically appear next to your 
published article on ScienceDirect. 
In addition, you can link to relevant data or entities through identifiers within the text of your 
 
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 
734053; PDB: 1XFN). 
Mendeley Data 
This journal supports Mendeley Data, enabling you to deposit any research data (including raw 
and processed data, video, code, software, algorithms, protocols, and methods) associated with 
your manuscript in a free-to-use, open access repository. During the submission process, after 
uploading your manuscript, you will have the opportunity to upload your relevant datasets 
directly to Mendeley Data. The datasets will be listed and directly accessible to readers next to 
your published article online. 
For more information, visit the Mendeley Data for journals page. 
Data statement 
To foster transparency, we encourage you to state the availability of your data in your 
submission. This may be a requirement of your funding body or institution. If your data is 
unavailable to access or unsuitable to post, you will have the opportunity to indicate why during 
the submission process, for example by stating that the research data is confidential. The 
statement will appear with your published article on ScienceDirect. For more information, visit 
the Data statement page. 
ARTICLE ENRICHMENTS/CONTENT INNOVATION TOOLS 
Interactive MATLAB Figure Viewer 
This journal features the Interactive MATLAB Figure Viewer, allowing you to display figures 
created in MATLAB in the .FIG format in an interactive viewer next to the article. More 
information and submission instructions. 
Interactive 3D Models 
You can enrich your online articles by providing 3D models (optional) in PLY, OBJ or U3D 
format, which will be visualized using the interactive viewer next to the article. Each 3D model 
will have to be zipped and uploaded to the online submission system via the '3D models' 
submission category. Please be advised that the recommended model size before zipping is 
maximum 150 MB. Multiple models can be submitted. Please provide a short informative 
description for each model by filling in the 'Description' field when uploading a dataset. Note: all 
datasets will be available for download from the online article on ScienceDirect. If you have 
concerns about your data being downloadable, please provide a video instead. More information 
on OBJ and PLY models or U3D models. 
Interactive Plot Viewer 
 
This journal enables you to show an Interactive Plot with your article by simply submitting a 
data file. Full instructions. 
Virtual Microscope 
The journal encourages authors to supplement in-article microscopic images with corresponding 
high resolution versions for use with the Virtual Microscope viewer. The Virtual Microscope is a 
web based viewer that enables users to view microscopic images at the highest level of detail and 
provides features such as zoom and pan. This feature for the first time gives authors the 
opportunity to share true high resolution microscopic images with their readers. More 
information and examples. Authors of this journal will receive an invitation e-mail to create 
microscope images for use with the Virtual Microscope when their manuscript is first reviewed. 
If you opt to use the feature, please contact virtualmicroscope@elsevier.com for instructions on 
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